Abstract. The aim of the present study was to evaluate the functions of miR-200c in the regulation of tumor growth and metastasis in renal cancer cells, and to investigate the underlying mechanisms. In this study, miR-200c was up-and downregulated in two renal cancer cell lines, namely ACHN and A498, and the proliferation, colony formation, migration and invasion of the cells were measured. The expression levels of various mRNAs and proteins were then analyzed using reverse transcription-quantitative polymerase chain reaction and western blotting, respectively. It was found that miR-200c suppressed proliferation, migration and invasion of the renal cancer cells and, conversely, the inhibition of endogenous miR-200c resulted in increased cell proliferation and metastasis. Furthermore, a luciferase reporter assay revealed that miR-200c directly targeted the 3' untranslated regions of the oncogenes B-cell-specific Moloney murine leukemia virus insertion site 1 (Bmi-1) and E2F transcription factor 3 (E2F3) mRNAs, reduced the expression of Bmi-1 and E2F3 and regulated the expression of downstream genes, including E-cadherin, N-cadherin, vimentin, p14 and p16. These results indicate a tumor suppressor role for miR-200c in renal cancer cells via the direct targeting of Bmi-1 and E2F3.
Introduction
MicroRNAs (miRNAs) are a class of non-coding endogenous single-strand RNAs, 20-23 nucleotides (nt) in length, which negatively regulate target gene expression post-transcriptionally to induce degradation of multiple mRNAs, translational repression and gene silencing by pairing to the 3' untranslated region (3'UTR) of target mRNA (1, 2) . miRNAs are indicated to be involved in numerous key cellular processes, including cell growth, differentiation and death, and in particular, regulate the initiation, development and progression of human cancers, including tumor growth, apoptosis, invasion and metastasis (3) . In malignancy, miRNAs play roles as either oncogenes or tumor suppressor genes (4, 5) .
Malignant tumor progression is characterized by the process of epithelial-to-mesenchymal transition (EMT), and is considered an essential step in tumor metastasis (6) . During the EMT process, epithelial tumor cells are induced to lose epithelial polarity and the epithelial marker E-cadherin, and to gain mesenchymal phenotypes and increased expression of mesenchymal markers vimentin and N-cadherin and to exhibit increased migratory and invasive capabilities and behavior (6, 7) . B-cell-specific Moloney murine leukemia virus insertion site 1 (Bmi-1) and E2F transcription factor 3 (E2F3) are well recognized as oncogenes in cancer initiation and progression (8, 9) , and are reported to promote EMT by suppressing E-cadherin expression (10) , and inhibiting the expression of cell cycle inhibitors p14 and p16 (11, 12) . miR-200 is a family of tumor suppressor miRNAs, which includes miR-200a, miR-200b, miR-200c, miR-141 and miR-429, and is markedly involved in tumor initiation and progression (13) . Studies have demonstrated that expression of the miR-200 family is significantly reduced in cells undergoing EMT (14) (15) (16) . As an important member of the miR-200 family and a powerful regulator of EMT, miR-200c is indicated to maintain the epithelial phenotype of tissues by inhibiting the expression of E-cadherin transcription factor ZEB1 in certain types of cancer (16, 17) . In a recent study, miR-200c was reported to modulate EMT in human renal cell carcinoma (18) .
Renal cancer is the most common cancer of the urinary system worldwide, with 63,920 estimated new cases and 13,860 estimated mortalities owing to cancer in 2014 (19) , and the incidence is increasing (19) (20) (21) . Due to the absence of effectiveness and specificity, the options for therapy of metastatic renal cancer remain limited (22) ; thus, the development of new treatments to treat renal cancer in necessary. In the present study, the effects of miR-200c were investigated by upand downregulating miR-200c expression in two renal cancer cell lines (ACHN and A498) and the possible mechanisms of action were evaluated.
Materials and methods
Cell lines and culture. Human renal cancer ACHN and A498 cells were purchased from Guangzhou Jennio Biological Technology Co., Ltd. (Guangzhou, China). ACHN cells were cultured in high glucose Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.), and A498 cells were maintained in RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% FBS. The two cell lines were cultured at 37˚C under an atmosphere of 5% CO 2 in humidified air.
miRNA infection of the cells. The miR-200c and control miRNA (plasmid, pEZX-MR03) and miR-200c inhibitor and control small interfering RNAs (siRNAs) (plasmid, CMV-RFP-U6-miRNA inhibitor-PGK-puromycin) were purchased from GeneCopoeia, Inc. (Guangzhou, China). Infection was performed in accordance with the manufacturer's protocol. Briefly, ACHN and A498 cells were cultured in medium supplemented with 10% FBS for 24 h prior to miRNA infection, and then the viral vectors were added into the medium for infection, respectively. Cells were then cultured in medium containing 1 µg/ml puromycin at 48 h post-transfection.
Bioinformatic analysis. Candidate targets for miR-200c
were searched for using TargetScan Human 7.1 (http://www. targetscan.org/), a bioinformatic tool for miRNA target screening.
Luciferase reporter assay. A luciferase reporter assay was performed with Dual-Luciferase Reporter 1000 Assay system (Promega Corporation, Madison, WI, USA) according to the manufacturer's protocol. Briefly, after culturing until 70% confluence, HEK293 cells were co-infected with miR-200c/control miRNA and the 3'UTR (wild type or mutant) of Bmi-1 or E2F3 (GeneCopoeia, Inc.). The firefly and Renilla luciferase activities were then analyzed.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA (enriched for miRNAs) was extracted using an E.Z.N.A. miRNA kit (Omega Bio-Tek, Inc., Norcross, GA, USA) according to the manufacturer's instructions. The total RNAs were purified by treatment with gDNA Eraser from a PrimeScript RT reagent kit (Takara Biotechnology Co., Ltd., Dalian, China). A RT-qPCR assay was performed using a Thermal Cycler Dice Real Time System (TP800; Takara Biotechnology Co., Ltd.), PrimeScript miRNA qPCR Starter kit Ver.2.0 (Takara Biotechnology Co., Ltd.) and SYBR Premix Ex Taq II (Takara Biotechnology Co., Ltd.) according to the manufacturers' instructions. For the miRNA expression assay, two-step RT-qPCR was employed with specific primers for miR-200c and RNU6B (the latter was an internal control) following the manufacturer's protocol. The PCR was carried out at 95˚C for 10 sec, followed by 40 cycles of amplification at 95˚C for 5 sec and 55˚C for 20 sec. For relative mRNA expression analysis, two-step RT-qPCR was employed with specific primers for GAPDH (as internal control), Bmi-1, E2F3, E-cadherin, N-cadherin, vimentin, p14 and p16 following the manufacturer's protocol, and PCR was carried out at 95˚C for 30 sec, followed by 40 cycles of amplification at 95˚C for 5 sec and 56˚C for 30 sec. All results were representative of three independent assays, and the expression levels were expressed according to the 2 -ΔΔCq method (23) . The designed specific primers are listed in Table I .
Western blot analysis. ACHN and A498 cells were lysed with RIPA buffer (Beyotime Institute of Biotechnology, Shanghai, China) and total proteins were extracted by centrifuging at 10,000 x g for 10 min at 4˚C. The proteins were quantified using an Enhanced BCA Protein Assay kit (Beyotime Institute of Biotechnology) according to the manufacturer's instructions. Proteins (30 µg/lane) were separated by SDS-PAGE (10% gel) and then transferred to a PVDF membrane (EMD Millipore, Bedford, MA, USA). The blotting membranes were incubated overnight (16 h) at 4˚C with anti-Bmi-1 antibody (40 kD; 1:20,000; ab115251; Abcam, Cambridge, UK), anti-E2F3-1 antibody (37 kD; 1:2,000; ab50917; Abcam, Cambridge, UK), anti-E-cadherin antibody (135 kD; 1:1,000; cat. no. 5296; Cell Signaling Technology, Inc., Danvers, MA, USA), anti-N-cadherin antibody (140 kD; 1:1,000; ab18203; Abcam), anti-vimentin antibody (57 kD; 1:2,000; cat. no. 5741; Cell Signaling Technology, Inc.), anti-p14 antibody (14 kD; 1:500; cat. no. 2407; Cell Signaling Technology, Inc.), anti-p16 antibody (16 kD; 1:500; ab118459; Abcam) or anti-β-tubulin antibody (55 kD; 1:50,000; cat. no. 70004; EarthOx Life Sciences, Millbrae, CA, USA; loading control), respectively, and then probed with a horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G secondary antibody (1:10,000; E030120; EarthOx Life Sciences) or a horseradish peroxidase-conjugated goat anti-mouse immunoglobulin G secondary antibody (1:10,000; E030110; EarthOx Life Sciences) for 1 h at room temperature. The bands were visualized using Luminata Crescendo Western HRP Substrate (WBLUR0500; EMD Millipore) with exposure to X-OMAT BT film (Carestream Health, Rochester, NY, USA). Three replicates were performed.
Cell proliferation assays. Proliferation of ACHN and A498 cells was detected using a CellTiter 96 AQueous One Solution Cell Proliferation Assay (Promega Corporation) in accordance with the manufacturer's protocol. Briefly, cells were seeded in a 96-well cell culture cluster (Corning Incorporated, Corning, NY, USA) at a density of 3,000 cells per well with 100 µl culture medium. After 5 days, the culture medium was removed and replaced with an equal volume of medium containing CellTiter 96 AQueous One Solution reagent, and the cells were then incubated at 4˚C for 2 h. The absorbance was detected at 490 nm using a 96-well plate reader.
Colony formation assay. A colony formation assay was performed according to a slightly modified method (24) . Briefly, cells were seeded into 60-mm plastic dishes (Nest Biotechnology, Hong Kong, China) at a density of 1,000 cells per well, and cultured at 37˚C under an atmosphere of 5% CO 2 in humidified air (ACHN cells were cultured for 3 weeks and A498 cells were cultured for 2 weeks, respectively). The numbers of colonies were counted after staining with Coomassie Brilliant Blue.
Wound healing (migration) and transwell (invasion) assays.
ACHN and A498 cells were seeded into 12-well cell culture plates (3x10 5 cells per well; Nest Biotechnology). The wound healing assay was performed using a sterile pipette tip to make a scratch through the confluent monolayer when cells reached 100% confluence. Cells were washed three times with PBS and cultured with medium supplemented with 1% FBS. The cell migration was observed after culture for 24 h.The percentage of wound closure was determined with 3 replications, and five randomly chosen fields were calculated for each replicate. For the transwell assay, 3x10 5 cells in 150 µl serum-free medium supplemented with 1% FBS were placed into the upper chamber of the insert (membrane pore size, 8 µm; Corning) with Matrigel (BD Biosciences, Billerica, MA, USA), and 500 µl medium supplemented with 10% FBS was added to the lower chamber of a 24-well plastic plate. Following 24 h of culture at 37˚C, the cells remaining in the upper chamber or on the upper membrane were removed. The number of cells adhering to the lower membrane of the inserts was counted after staining with Crystal Violet Staining Solution (Beyotime Institute of Biotechnology) for 10 min.
Statistical analysis. The cell proliferation assay was performed in five independent experiments and other analyses were repeated in three independent experiments. Results are presented as mean ± standard error of the mean. All data were analyzed using SPSS 18.0 software (SPSS, Inc., Chicago, IL, USA) by one-way analysis of variance, and differences between treatments were assessed using a Fisher's least significant difference test. P<0.05 was considered to indicate a statistically significant difference. Fig. 4B ), as significantly decreased luciferase activities were observed for the wild type but not for the mutant 3'UTR. A western blot assay was performed to evaluate the expression levels of Bmi-1 and E2F3, and their downstream proteins including E-cadherin, N-cadherin, vimentin, p14 and p16. The results (Fig. 4C) indicated that the expression of Bmi-1, E2F3 and N-cadherin was downregulated, and the expression of E-cadherin, p14 and p16 was upregulated in miR-200c overexpressing cells; and increased expression levels of Bmi-1, E2F3 and N-cadherin, and decreased expression levels of E-cadherin, p14 and p16 were detected in endogenous miR-200c downregulated cells. An RT-qPCR assay was also performed and similar tendencies were detected for the associated mRNAs (Fig. 5) . All the aforementioned data demonstrated that miR-200c regulated renal cancer cell growth and metastasis by directly targeting the 3'UTR of Bmi-1 and E2F3 and inducing changes in the expression levels of Bmi-1 and E2F3 and their downstream genes in cell proliferation and EMT.
Discussion
MicroRNAs have been demonstrated to play critical roles as oncogenes or tumor suppressors in human cancers in previous studies (25) . miR-200 is a family of tumor suppressor miRNAs consisting of five members significantly involved in the inhibition of EMT (13), and as a member of the miR-200 family, miR-200c was reported to modulate EMT in human renal cell carcinoma in a recent study (18) . In the present study, the effects Bmi-1 plays a key role in cell cycle regulation, cell immortalization and cell senescence as a polycomb gene family member (8, 32) . It is well recognized that Bmi-1 is frequently upregulated in various human cancers, and plays important 
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roles as an oncogene in cancer initiation and progression (8, 33) . E2F3 is another oncogene that is overexpressed in bladder and prostate cancers (34, 35) , and participated in controlling the cell cycle progression and proliferation of cancer cells (9) . In the present study, Bmi-1 and E2F3 were predicted as functional targets of miR-200c by TargetScan analysis, and the effects of miR-200c on the 3'UTRs and expression of Bmi-1 and E2F3 were then measured. It was found that miR-200c directly bound to the 3'UTRs of Bmi-1 and E2F3, and decreased the expression levels of Bmi-1 and E2F3 mRNAs and proteins. These results are consistent with the results for cell functions in this study, and suggest that Bmi-1 and E2F3 are oncogenes in renal cancer that are inhibited by miR-200c. EMT is a critical process driving cancer metastasis, which is characterized by the loss of epithelial marker E-cadherin and a stimulation of the mesenchymal markers vimentin and N-cadherin, followed by an induction of increases in migratory and invasive behavior (7) . Bmi-1 is reported to induce EMT by repressing E-cadherin expression (10) . In the present study, the expression levels of E-cadherin and N-cadherin were examined, and it was demonstrated that the ectopic expression of miR-200c increased E-cadherin expression and decreased N-cadherin expression, whereas the downregulated expression of endogenous miR-200c decreased E-cadherin expression and increased N-cadherin expression. These results demonstrated that miR-200c regulated Bmi-1 expression and then modulated EMT by stimulating E-cadherin expression and suppression of N-cadherin expression. Furthermore, Bmi-1 is reported as an oncogene, which acts by regulating the expression of cell cycle inhibitors p14 and p16 (11, 12, 36, 37) . P14 is reported to prevent the degradation and inactivation of p53 by binding to E3 ubiquitin-protein ligase (38) , and p16 is recognized as an inhibitor of cyclin-dependent kinases 4 and 6 (35) , which arrests the cell cycle in the G1/S phase (39) . In the present study, the expression levels of p14 and p16 were also measured and the results indicated that overexpressed miR-200c increased the expression of p14 and p16, and the downregulation of miR-200c suppressed the expression of p14 and p16. These results suggest that miR-200c regulates Bmi-1 expression and then modulates cell proliferation by increasing the expression of p14 and p16.
In summary, the present study investigated the functions and mechanisms of miR-200c in the regulation of renal cancer cell proliferation and metastasis. The results demonstrated that miR-200c acted as a tumor suppressor by inhibiting cell proliferation, migration and invasion in renal cancer cells. In addition, downregulated endogenous miR-200c recovered renal cancer cell growth and metastasis, and miR-200c possessed the potency to suppress renal cancer cell growth and metastasis via the downregulation of the oncogenes Bmi-1 and E2F3. These findings provide important basic information relevant to renal cancer intervention, prevention and therapy.
